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ABSTRACT

DNA complementary to calf stomach mRNA has been synthesised and inserted
into the Pstl site of pAT153 by G-C tailing. Clones containing sequences
coding for prochymosin were recognised by colony hybridisation with cDNA
extended from a chemically synthesised oligodeoxynucleotide primer, the
sequence of which w?.s predicted from the puhlished amino acid sequence

of calf prochymosin®. Two clones were identified which together
contained a complete copy of prochymosin mRNA. The nucleotide sequence
is in substantial agreement with the reported amino acid sequence of
prochymosin2 and shows that this protein has a mol.wt. of 40431 and
chymosin a mol.wt. of 35612. The sequence also indicates that prochymosin
is synthesised as a precursor molecule, preprochymosin, having a 16 amino
acid hydrophobic %eader sequence analogous to that reported for other
secreted proteins”.

INTRODUCTION

Chymosin (Rennin E.C.3.4.23.4) is the major milk clotting enzyme in the
fourth stomach of the unweaned calf. The enzyme, an aspartate
proteinasez, is secreted as a zymogen, prochymosin (365 amino acids,
mol.wt. ¢40,000) and is irreversibly converted under acid conditions into
active enzyme (mol.wt. ¢35,600) by cleavage of 42 amino acids at the NH,-
terminus?. Chymosin is also the active constituent of cheese rennet and
so is an enzyme of some commercial importance. A reduction in the veal
calf market has led to a shortage of bovine chymosin and to the intro-
duction of several substitutes, notably of fungal origin, the so called
mucor renninss. The scarcity and potential value of bovine chymosin

in the dairy industry suggests the attractive possibility of producing
the enzyme by recombinant DNA techniques. 1In this paper we report the

cloning and the nucleotide sequence of calf preprochymosin cDNA.
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MATERIALS AND METHODS

Purification of mRNA

Total nucleic acids were extracted from the mucosal layer of the fourth
stomach of a freshly slaughtered suckling calf by phenol-m-cresol

extraction6

and mRNA purified by 3M sodium acetate precipitation and
oligo (dT)-cellulose chromatography. About 400ug of mRNA was obtained from
13mg of total RNA.

In vitro translation and immunoprecipitation

One ug of mRNA was translated in vitro in 10yl of a commercial reticulocyte
lysate (Amersham International) supplemented with 12uCi of [3SS]-methionine
(Amersham) at 30°C for 2h. Polypeptides were analysed by SDS polyacrylamide

7 and fluorographye. Immunoprecipitation of in vitro

gel electrophoresis
translation products was done in 0.15M NaCl, 0.005M EDTA, 0.05M Tris-HCl
pH 7.5 0.05%(v/v) NP-40 and bovine serum albumin (1mg/ml) as described
previously9 using an appropriate dilution of sheep antichymosin serum
(Dept. of Immunodiagnostic Research, University of Birmingham) and
S.aureus ghosts (Immunoprecipitin BRL) to precipitate immune complexes.

Isolation of cDNA clones

Double stranded cDNA was synthesised from mRNA by oligo(dT)-primed reverse

10 11

transcription®”, 51 treated and tailed with AC residues™ . The tailed DNA

was annealed to dG tailed Pstl digested pAT15312 and used to transform

13, Ampicillin sensitive

14

E.coli HB101 to tetracycline resistance

transformants were picked into Microtiter trays
15

and colony hybridisation
done on nitrocellulose filters (Schleicher & Schuell) in plastic bags,
overnight at 42°C, in 40%(v/v) formamide, 0.5M NaCl, 10mM Pipes-NaOH

pH 6.4, 0.5% SDS, 100ug/ml salmon sperm DNA (Sigma), 2 x Denhardt's
solution and 50ug/ml E.coli tRNA. The probe used was either alkali
fragmented [32P] end labelled mRNA from calf stomach (or calf liver), or
[32P] cDNA. After hybridisation the filters were washed 3 times in

2 x SsC, 0.1% sSDS for 30 min. at 37°C and once with 1 x Ssc, 0.1% SDS,
before drying and autoradiography. The recombinant designated G1 was
isolated from a set of cDNA clones prepared without the hairpin priming

of second strand synthesisl7. For this batch of cDNA, first strands

were fractionated on alkaline agarose gels and DNA of 800-1200

nucleotides electroeluted before tailing with 4C residues. Second strand
synthesis was primed by oligo(dG)12_18 (Collaborative Research) and double
stranded DNA of 700-1200 nucleotides isolated from a neutral agarose gel,
before dC-tailing and annealing to 4G tailed, Pstl cut pAT153. G1 was
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recognised by hybridisation to the central BamH1 fragment of clone A36
DNA (Fig. 2), [32P] end labelled using polynucleotide kinase.
Primer Extension

The primers ATTCATCATATT, ATTCATCATGTT, GTTCATCATATT and the primer

GTTCATCATGTT used to prepare [32P] cDNA, for use in colony hybridisation,
were synthesised manually by the solid phase phosphotriester methodl6.

The primer GGTGATCTCAGCGCC, used to obtain the sequence at the 5' end

of prochymosin mRNA, was synthesised by an improved phosphotriester
approach on a Cellﬁech automated DNA synthesiser. For hybridisation,
primer and mRNA were coprecipitated from ethanol, resuspended in 10mM

Tris, 1mM EDTA pH 7.4 and heated at 100°C for 2 min. before quick cooling
adjusting to 20mM Pipes-NaOH (pH 6.4) 0.6M NaCl and leaving at 20°C for 16h.
Reverse transcription was done as describedlO.

DNA sequence determination

Plasmid DNA was prepared from E.coli by the alkaline-SDS procedure18

followed by equilibrium density gradient centrifugation in a Beckman VTi
60 rotor. Restriction enzyme digestions were done under the conditions
recommended by the suppliers (New England Biolabs or Boehringer Mannheim)
and nucleotide sequences determined by the chemical procedure of Maxam
and Gilbertlg. At least 50% of the sequence was obtained from both DNA
strands and all restriction sites used for 5' end labelling (except the

right hand BamH1 site, Fig. 2) were read through from another site.

RESULTS

In vitro translation of calf stomach mRNA

Nucleic acids were extracted from the mucosa of the abomasum of a freshly

6 and mRNA

slaughtered suckling calf by the phenol-m-cresol procedure
purified by oligo(dT)-cellulose chromatography. Fig. 1 shows the poly-
peptides translated from this mRNA when added to a rabbit reticulocyte
lysate. Several low molecular weight species were made but a polypeptide
of mol.wt. about 40,000, migrating slightly more slowly than the chymosin
marker (mol.wt. ¢35,000), was the major product. Sucrose gradient
centrifugation and in vitro translation showed that the mRNA coding for
this polypeptide sedimented at about 16S, indicating that the mRNA was
largely undegraded. Immunoprecipitation,with sheep antichymosin antibody,
of the polypeptides synthesised in vitro showed that only the protein of
mol.wt. 40,000 was precipitated (Fig. 1 lane b). Moreover, the addition

of increasing amounts of chymosin to the reticulocyte lysate inhibited
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Figure 1
£y 9 PZ%ZZcrylwnide gel of an in vitro translation
- of mucogal mRNA. Lane (a) polypeptides
translated from unfractionated mucosal mRNA.
m— Lane (b) polypeptides precipitated from the

in vitro translation by antichymosin serum.

Lanes (c—f) polypeptides precipitated from the

in vitro translation in the presence of (c)
2.5ug; (d) 5ugs; (e) 12.5ugs; (f) 25uq

of chymosin (Sigma) further ified by
DEAE-cellulose chromatography U." The arrow
alongside lane (a) marks the position of
migration of purified chymosin.

the precipitation of this polypeptide (Fig. 1 lane c-f). As chymosin

and prochymosin share antigenic dei:erminam;s21 it is reasonable to assume
that the 40,000 mol.wt. polypeptide is prochymosin. These results indicate
that prochymosin mRNA makes up a considerable proportion of the mRNA species
present in the mucosa and confirm the data of Beppu M22,23'

Isolation of clones containing chymosin specific cDNA

Molecular cloning of calf stomach mRNA sequences was achieved by standard
techniques; DNA was prepared by reverse transcriptase, tailed with dac
residues, annealed to dG tailed Pstl digested pATi53 DNA, and used to
transform E.coli HB101 to tetracycline resistance. Chymosin specific
clones were identified by colony hybridisation. An initial selection was
obtained by comparing the hybridisation of the clones to [32P] labelled
alkali fragmented mRNA prepared from either calf stomach or calf liver
mRNA. From about 200 recombinants, 35 were found to hybridise specifically
to mRNA from calf stomach but not to the mRNA from calf liver. These
recombinants were analysed further by a second hybridisation screen with
[3291 labelled cDNA prepared from mucosal mRNA by reverse transcriptase,
using a chemically synthesised oligodeoxynucleotide primer. The nucleotide
sequence of the primer was predicted from the known amino acid sequence
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of chymosin at positions 183-1861 2 as follows:
183 184 185 186

NH, --- Asn Met Met Asn --- COOH Protein
5' --- AAU/C AUG AUG AAU/C --- 3' mRNA
3' --- TTA/G TAC TAC TTA/G --- 5°' Primer

Preliminary experiments established that only one of the four possible
dodecanucleotides (GTTCATCATGTT) primed specifically the synthesis of

cDNA from calf stomach mRNA. Nucleotide sequence analysis of
unfractionated cDNA extended from this primer confirmed that priming

was specific, since the sequence obtained was consistent with the amino
acids preceeding amino acid 1831/2, 1n addition the sequence showed

the presence of three infrequent restriction enzyme sites within 40
nucleotides of each other (BamH1, EcoRl, Smal; see Fig. 2). A computer
prediction of the possible nucleotide sequence and restriction enzyme sites,
made from a knowledge of the amino acid sequence of prochymosin, was
compatible with this finding. Furthermore the predicted sequence showed
that only one SmaI site was possible in the coding sequence for prochymosin
(CCCGGG, pro-gly, aa 152-153). This suggested that contiguous Smal, EcoR1
and BamH1 restriction sites would be diagnostic of chymosin related
sequences. One of the 35 calf stomach specific clones showed unequivocal
hybridisation with the extended primer. Single colony lysate agarose gels24
showed that the plasmid in this clone contained an insert of about 1000
base pairs and restriction enzyme digestion of plasmid DNA prepared from

iml of culturel® confirmed the presence of closely linked BamH1, EcoRy and
Smal sites. A restriction map of the cDNA insert in this clone (A36)

is shown in Fig. 2. From the alignment of the restriction map with the
unique Smal site it was evident that the A36 insert contained the sequence
coding for the -COOH terminus of the enzyme but did not extend to the

region coding for the junction between prochymosin and chymosin.

Cloning of 5' sequences

To obtain clones containing the 5' end of the mRNA a second batch of cDNA
was prepared using the procedure of Land g&_gll7. After first strand
synthesis single stranded DNA was tailed with dC residues and oligo (dG)
used to prime second strand synthesis. This avoids hairpin priming of
second strand synthesis and the subsequent loss of hairpin sequences
during S1 digestion. Ampicillin sensitive recombinants obtained from

this cDNA, annealed to G tailed Pstl cut pAT153, were screened by colony
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Figure 2

Alignment of partial restriction maps of the cDNA inserts of prochymosin
recombinants with prochymosin mRNA. Capital letters refer to enzymes

as follows: A = Alul; B = BamH1; H = Hinfl; G = BglII; K = KpnI; P = Pstl;
R = EcoR,; S = Smal; Av = AvaII. The PstI site at the 3' end of GI1 was not
regenera%ed so the precise 3' limit of the insert 1s not known. Numbers
above the mRNA designate the nucleotide number (x10~ 2) starting at the
first amino acid of prochymosin, 14 nucleotides upstream from the left hand
BamH1 site. The sites used for labelling and the direction of sequence
determination are denoted by arrows beneath clone 118. The broken arrow
shows the sequence determined from cDNA made from mRNA using the primer
GTTCATCATGTT (see text).

hybridisation using the central BamHl1 fragment of A36 DNA (Fig. 2) as a
probe. Recombinant Gl was obtained from this experiment and the
restriction map of the insert is shown in Fig. 2.

Nucleotide sequence determination

As it was clear that clones A36 and Gl covered all the coding sequence

of prochymosin, the nucleotide sequence of the complete cDNA insert was
determined. Sequencing was facilitated by the construction of a recombinant
containing a complete cDNA insert (designated 118). This was made by
reconstruction through the unique EcoR; site in the two inserts. The
restriction map of this insert and the sequencing strategy is shown in

Fig. 2. The nucleotide sequence is presented in Fig. 3.

DISCUSSION

The nucleotide sequence presented here indicates that we have cloned the
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mRNA coding for the more predominant species of chymosin, chymosin B since
glycine rather than aspartate is the amino acid at position 286 (Ref. 1).
Apart from the assignment of asparagine for aspartate at amino acids 202
and 214 the nucleotide sequence is in agreement with the amino acid
sequence of prochymosin obtained by Foltmann EE_El}'

However the nucleotide sequence upstream from that coding for the NH,
terminus of prochymosin (alanine) shows that there are 45 nucleotides
before an ATG triplet. The possibility that this ATG is the initiation
codon for a 16 amino acid leader peptide sequence preceeding prochymosin,
is strengthened by the observation that the predicted amino acid residues
are largely hydrophobic with a -COOH terminal glycine3r25. Moreover, the
nucleotide sequence surrounding the ATG is like that surrounding other
initiation codons in having a purine (A) three bases before and a purine
one base after it26. These date indicate that prochymosin, like other
secreted proteins, is synthesised in a precursor form, preprochymosin, and
suggests that the product of translation of calf stomach mRNA in the
reticulocyte lysate is preprochymosin, since the lysate would not be
expected to process the precursor in the absence of microsomal enzymes.
Codon usage (Table 1) shows no unexpected preferences, there being the
bias towards C and G in the third position typical of eukaryotic mRNAs27,
There seems to be little suggestion of any conservation in the nucleotide
sequence coding for the similar amino acid sequences near the aspartate
residues at the active site of the enzyme (amino acids 76-85, and 258-
267)28. The overall length of the mRNA coding for preprochymosin, a
protein of 381 amino acids (mol.wt. = 42131) is 1300 nucleotides.

The length of the 5' untranslated region was ascertained by using a
synthetic deoxyoligonucleotide complementary to nucleotides 46-60
(GTTGATCTCAGCGCC) (see Fig. 3) to prime cDNA synthesis from mRNA.

A product of about 90 nucleotides was obtained and its nucleotide

sequence was consistent with that found at the 5' end of recombinant

Gl. Furthermore it was apparent that there were only 2 or 3 nucleotides
at the 5' end of the mRNA not contained in recombinant G1, indicating that
there is a 5' untranslated region of about 25 nucleotides. A termination
codon after the -COOH terminal amino acid marks the beginning of the 3'
untranslated region of 136 nucleotides, which contains one further in phase
termination codon and several repeated sequences based on the doublet CA.
It also includes the AATAAA sequence thought to be the signal for poly-
adenylation, 14 nucleotides from the poly A tail2?9.
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Table 1. Codon usage of calf preprochymosin mRNA

Arg CGA 1 Thr ACA 5 Lys ARAA 6
cac 1 acc 13 ARG 9
cGe 0 ACG 2
igi ‘1’ acT 4 Aasn  AAC 12
P 6 AAT 4

Ala  Gca 0 Glu GaA - 2
e 15 GAG 12
Leu CTA 2
P Z Gee 1
GCT 3 asp GAC 19
cre 21 GAT 2
CTT 2
TTA 0
TG 1 Gln caa 3
Gly Gea 1 cac 23
GGC 16
GGG 13 .

Ser TCA 1 GGT 3 His ccig ;
TcCc 10
TG 4
TCT 4 Tyr T™™C 17
:g‘; 12 val  GTA 2 TAT 5

GTC 8
GG 16 Cys ™o 3
GTT 3 eT 4

Ile ATA 1
AaTC 19 Phe TIC 14
ATT 2 TIT 6

Pro cca 1
cce 3
cce 11 Trp o6 4
Met ATG 9 ccr 1

The isolation and analysis of recombinant clones containing calf
prochymosin sequences, allowing the construction of a full length
preprochymosin gene, extends the preliminary data of Nishimori et al
(1981)23. It also opens the way to a characterisation of the structure
of the preprochymosin gene. The construction of plasmid vectors for the

expression of this gene will be reported elsewhere.
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